Using complementary DNA prepared from adult chicken globin messenger RNA, we show the existence of 2-3 non-cross-hybridising globin sequences in the chicken genome, each of which is present in only-one copy per haploid genome.
INTRODUCTION
Studies on several eukaryotic systems have demonstrated that the majority of messenger RNA sequences reanneal to DNA sequences present in one or a few copies per haploid genome, and therefore are coded for by nonreiterated genes (Gelderman et al., 1971; Campo & Bishop, 1974; Getz et al., 1974) . This is also found for genes coding for proteins present in large amounts in terminally differentiating cells, such as globin and ovalbumin Palmiter, 1975) . The chicken globin system offers the opportunity to study the expression of a set of related genes during embryonic and adult development (Brown & Ingram, 1974) . These studies will also provide standard values for the study of other developmental systems in chicken, such as the ontogeny of lens crystallins (Clayton, 1974) .
MATERIALS AND METHODS mRNA Isolation and Purification
White Rock chicks (10-12 weeks old) were made anemic by daily injections of phenylhydrazine and reticulocytes obtained from the blood as described by Evans & Lingrel (1969) . Polysomes were prepared according to Labrie (1969) , deproteinised with phenol-chloroform-isoamyl (Aviv & Leder, 1972).
The ethanol-precipitated RNA was redissolved in O.1M NaCl, 0.2% SDS, loaM Tris, pH 7.5 at a concentration of 25 A260 units/ml and the poly(A)-containing RNA adsorbed by oligo(dT) cellulose chromatography (Collaborative Research, Inc., Waltham, Mass., USA, Type 2).
Poly(A) + RNA was eluted with lmM Tris-HCl, 0.2% SDS pH 7.5.
Analytical polyacrylamide-SDS gel electrophoresis showed the mRNA fraction at this stage of purification to consist of approximately 65% lOS RNA. Continuous elution preparative polyacrylamide gel electrophoresis (Hagen & Young, 1974 ) was the final purification step. Hb mRNA eluted from the gel coded for all the adult chicken globin polypeptides when translated in a wheat germ cell-free system (Roberts & Paterson, 1973 ) (results not shown). On analytical 98% formamide-4% polyacrylamide gel electrophoresis, this mRNA gave a single peak of A260 -absorbing material migrating at lOS.
DNA Preparation
Total DNA was prepared from erythrocyte nuclei of non-anemic hens by hydroxylapatite chromatography (Hell et al., 1972 ) and fragmented to 450 nucleotides by sonication and 300 nucleotides by subsequent alkali depurination (Tibbetts, Johansson and Philipson, 1973) .
Complementary DNA Preparation
Complementary DNA (cDNA) was prepared using electrophoretically purified globin mRNA as template and oligo-(dT) primer (concentrations 351Jg/ml and 3.5ig/ml, respectively) for RNA-dependent DNA polymerase from avian myeloblastosis virus Young et al., 1974) . ( H) dCTP (Radiochemical Centre, Amersham) of specific activity 22 Ci/m mole was present at a concentration of 29. 7uM and the other three deoxyribonucleotides were present at a concentration of 400jM.
Also present in the reaction mix were lOU/ml rat liver RNase inhibitor (Searle) and actinomycin D (50ig/ml).
After incubation for 90 min at 370C, the cDNA was separated from unincorporated mononucleotides and primer by chromatography on a small Sephadex G50 column underlaid with Dowex chelating resin (Bio Rad AG50W-X8) and eluted with 50mM NaCl-lOmM HEPES, pH 7.3.
Incuba-
tion overnight in 0.3M NaOH hydrolysed the mRNA.
After neutralisation and ethanol precipitation with lOOig E. coli DNA as carrier, the cDNA was dissolved in a small volume of sterile Chelex-treated water and rechromatographed on a G50/Chelex column.
The specific activity of the cDNA was 13,000 cpm/ng at a counting efficiency of 40%.
Hybridisation of cDNA to total DNA in cDNA excess 60-90 micrograms of total DNA were mixed with cDNA at a ratio of 66 Size of DNA and cDNA preparations were analysed by centrifugation through 5-20% (w/w) alkaline sucrose gradients in 0.9M NaCl-O.lN NaOH. They were spun in the 3 x 6.5ml MSE swing-out rotor for 18 hours at 30,000 rpm at 180.
The sedimentation coefficients were calculated by the method of Funding & Steensgaard (1973) and molecular weights by the method of Studier (1965) .
Alternatively, the samples were electrophoresed in 3.6% or 4% polyacrylamide gels in 98% formamide as described by Staynov et al. (1972) .
Hybridisation of cDNA to mRNA 2pl aliquots of cDNA and the appropriate amounts of salt-free mRNA were mixed in 0.5M NaCl, 25mM HEPES, 0.5mM EDTA, pH 6.8 , 50% formamide (Fluka), denatured for 2 min at 70°C and annealed at 430 for 90 hours. Samples were then diluted to 35041 with nuclease assay buffer containing 20 units of Sl nuclease.
After incubation at 37 C for 60 min, an aliquot was removed for determination of total radioactivity and the remainder was precipitated with 50ul carrier (lmg/ml BSA -lOOug/ml E. coli DNA) and 504l 6N PCA.
After centrifugation, an aliquot of the supernatant was counted to determine soluble radioactivity.
RESULTS
To show the fidelity of the reverse transcription reaction, the cDNA product was hybridized to increasing amounts of template RNA and an identical amount of rabbit globin mRNA (Figure 1) . Specificity of the reaction is shown by (1) hybridisation even at high RNA/cDNA ratios, and (3) the lack of significant hybridisation to heterologous rabbit mRNA. The failure of 10% of the cDNA to hybridise at even the highest RNA to cDINA ratios is typical of such reactions.
A graph of the hybridisation between chick globin cDNA and total DNA in cDNA excess as a function of time is shown in Figure 2 . The length of the polyT sequence in the cDNA was ignored in the calculation of the cDNA complexity. At most, it comprises 10% of the length of the molecules.
complexity of DNA is defined as the total molecular weight of its nucleotide sequences, as defined experimentally by hybridisation reactions. The sequence complexities for the preparations indicate 3-4 non-cross-reacting globin sequences in the chick genome.
One can obtain an independent estimate of the sequence complexity by a saturation experiment in which fixed amounts of DNA are reannealed in the presence of increasing amounts of globin cDNA. Eventually the cDNA will compete out the minus strand (assuming the genes and transcribed RNAs have "plus" sense) and additional input of cDNA will result in no additional hybridisation. Figure 3 shows such an experiment. At saturation, 21
hytb.&dd of cDNA annealed to 59.21ig of total DNA (5mg/ml) in 0.24M PB-lmM EDTA, pH 6.8 in 24 hr at 700C was analysed by the S1 nuclease method.
In the controls, DNA was allowed to reassociate alone and then flushed from capillaries into nuclease assay buffer containing 0.2ng cDNA. picograms of cDNA are able to hybridise per lOOig of DNA. This represents 0.021% of the genome which is saturated. From the analytical complexity of the chick genome it can be estimated that the complementary sequence length to be 2lpg 11 23 loopg x 6.5 x 10 daltons x = 142000 daltons 23 The factor corrects for the fact that when the cDNA saturates the globin sequences they are in a 22:1 excess over minus strands.
This means that only 22 of the sequences hybridising to the globin genes are radioactive.
DISCUSSICN
The cDNA excess and saturation hybridisation both indicate that there are 2-3 non-cross-reacting adult globin gene sequences in the chick genome. This data is supported by RNA-cDNA hybridisations (r t curves) which give a sequence complexity of 1000 bases, or 2-3 mRNA species (Groudine & Weintraub, 1975) . Protein data (Moss & Hamilton, 1974; Brown & Ingram, 1974 ) also agree well with this estimate.
There are two haemoglobins found in late embryo and adult chickens, called haemoglobins A and D.
These have distinctly different a-globin chains, but appear to share similar, if not completely identical, a-globin chains.
Therefore three or at most four distinct globin mRNAs would be predicted in chickens of the age studied here. The embryonic haemoglobins of chicken have also been studied in great detail (Brown & Ingram, 1974) , and it is possible that one of the a-globin chains of embryonic haemoglobin E also is related to the s-chain of adult haemoglobin A; we cannot predict at this time whether the genes for these chains are sufficiently alike to cross-hybridise under our conditions. The data obtained by us for gene number would argue against cross-hybridisation, as would the fact that B-globin and y-globin genes in human DNA do not cross-hybridise (Lanyon, Ottolenghi & Williamson, 1975) . Equation 3 of Bishop and Freeman, which can be used to estimate the kinetic complexity of the cDNA probe, shows 3-4 non-cross-reacting sequences in our cDNA preparation.
The ratio of the DNA complementary sequence length and the kinetic complexity gives the number of copies of each sequence in the genome.
We obtain a value of 0.7, which suggests that the sequences in the probe are uniquely represented in the genomic DNA. The fact that the adult cDNA is slightly more complex than the complementary sequences is reasonable, as it is within the uncertainty of these techniques.
The purity of the cDNA probes is demonstrated by the purity of the messenger template and the fidelity of the transcription reaction ( Figure 1 ). cDNAs prepared from impure mRNA populations have been shown to continue reacting in cDNA excess hybridisations when the majority of sequences have annealed and do not reach saturation at increasing cDNA/DNA ratios (cf. Lanyon Figure 4 ). Specific loss of sequences in the total DNA preparation does not occur, as DNA prepared by a method maximising yield of very high molecular weight molecules and hybridised under slightly different conditions (0.12M PB at 660C) gave similar results (cf. experiments 2a and 2b in Table 1 ).
